Abstract -In thk paper, the anafysis of GGAS MESFET distributed amplifiers and a systematic approach to their design are presented. The analysis focuses on fundamental design considerations and afso establishes the maximum gain-bandwidth product of the amplifier. The design approach presented enables one to examine the tradeoffs between the variables, such as the device, the number of devices, and the impedances and cutoff freqnency of the lines, and arrive at a design which gives the desired frequency response. Excellent agreement is shown when the theoretically predicted response of a typicaf amplifier is compared with computer-aided anafysis results, and good agreement is shown with previously published experimental results.
. The traveling-wave transistor, an interesting variation of the discrete FET distributed amplifier, has also been proposed [6] .
However, we will show in this paper that the discrete FET distributed amplifier, unlike the traveling-wave transistor, can be designed to give flat response nearly up to the cutoff frequency of the lines.
The topology of the distributed amplifier is particularly suited to MMIC'S because its passive circuit predominantly consists of inductors which can be realized in the form of short lengths of microstrip lines. Recently, broad-band MMIC distributed amplifiers using GaAs MESFET'S have been presented
[1]- [3] . The design of the distributed amplifier involves a careful choice of the variables, such as the device, the number of devices, and the impedances and cutoff frequency of the lines, to obtain the desired frequency response. Even though several distributed amplifiers using MESFET'S have been built, a systematic design approach which enables one to examine the tradeoffs between the design variables has not been presented.
The distributed amplifier has been extensively analyzed since it was first proposed in 1937 by Percival [7] . We Manuscript recewed June 14, 1983; revised December 12, 1983 . This work was supported by the Office of Navaf Researchunder Contract NOO014-80-C-0923.
The A simplified equivalent circuit of a MESFET arrived at from typical S-partieter measurements at microwave frequencies [3] is shown in Fig. 2 . R, is the effective input resistance between the gate and source terminals and Cg, is the gate-to-channel capacitance. Rd, and Cd, are the drainto-source resistance and capacitance, respectively. C~g ,is the drain-to-gate capacitance and g~the transconductance.
In our analysis, the device will be considered unilateral and Cdg will be neglected. The equivalent gate and drain transmission lines are shown in Fig. 3 (1) and (2), 10 can be expressed as
The power delivered to the load and input power to the amplifier are given, respectively, bỹ
and where Z~D and ZIG are the image impedances of the drain and gate lines [13] .
Therefore, the power gain of the amplifier is
where Rol( =~~) and R02 '"p'= Ad -Ag "
A similar relation was found by Podgorski and Wei [6] for the optimum gate width of a traveling-wave transistor.
Therefore, it is clear that in the presence of attenuation, the gain of a distributed amplifier cannot be increased indefinitely by adding devices. This property of the distributed amplifier can be easily explained.
As the signal travels down the gate line, each transistor receives less energy than the previous one due to attenuation on the gate line.
Similarly, the signal excited in the drain line by a transistor is attenuated by the subsequent line sections between it and the output port. Therefore, additional transistors not only decrease the excitation of the last device but also increase the overall attenuation on the drain line. The gain of the amplifier increases with additional devices until the optimum number of devices at the given frequency is reached. Any device added beyond the optimum number is not driven sufficiently to excite a signal in the drain line which will overcome the attenuation in the extra section of the drain line. Consequently, the gain of the amplifier begins to decrease with further addition of' devices.
A. Attenuation on" Gate and Drain Lines
The attenuation on gate and drain lines is the critical factor controlling the frequency response of the amplifier, as will be shown. The expressions for gate-and drain-line attenuations can be derived from the propagation function for the constant-k line, which is given by the relation [15] cosh(A+@)=l+&. where X~= a/uC is the normalized frequency and -.
"'=/&{&"
The attenuation on gate and drain lines versus frequency with WC/wg and ud/tiC as parameters are shown in Fig. 5 (8) and (9) that attenuation on the gate and drain lines can be decreased by making uC/wg and Ud /u< small. Therefore, for a given u=, tme has to choose a device having high tig and low~d. , (13) Using (10) and (11), one can derive from (5) ( 16) where j~= is the frequency at which the maximum available gain (MAG) of the FET becomes unity [16] . It is also referred to as the maximum frequency of oscillation of the maximum value can be shown to be about 0.2. Fig. 9 The set of design curves consisting of curves defined by (25), the lines defined by (26), fractional bandwidth curves (Fig. 7) , and K = const. curves (Fig. 8) are plotted on the a -b plane as shown in Fig. 11 . For an amplifier having Rol = Roz = 50 Q, fc = 23.6 GHz, and n =4, we obtain the following values for a, b, X, and K from The frequency response of this amplifier predicted by (14) and the response 'obtained by using the standard microwave circuit analysis program are shown in The end capacitances can be absorbed into gate and drain lines by taking them into account in the design of the transmission lines. For a given ZO and highest frequency of operation, the restriction on 1 limits the maximum realizable value of inductance. Even though it is advantageous to increase ZO in order to achieve high inductance and low
end capacitance values, a practical limit is reached when the width of the microstrip becomes too small, resulting in excessive attenuation in the microstrip. Also, the geometrical considerations in the layout of the amplifier place a lower limit on the length of the inductors [13] .
Another important consideration in the design of microstrip inductors is the electromigration of the metal at high current densities. In order to prevent electromigration, the current density in the microstrip should be kept below a critical value, which is of the order of 105A/cm2 for gold. IV.
CONCLUSIONS
The analysis of MESFET distributed amplifiers and a systematic approach to their design has been presented. The analysis has revealed that the transmission-line attenuation caused by the device parasitic resistances is the critical factor in the design of the amplifier.
The analysis has also shown that the gain-bandwidth product of the distributed amplifier can only approach the~~u of the individual device. The graphical design approach presented enables one to examine the tradeoffs between the variables, such as the device, the number of devices, and cutoff frequency and impedances of the lines, and arrive at a design which gives the desired frequency response.
